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BRINGING TOGETHER COMPUTATIONAL AND EXPERIMENTAL
CAPABILITIES AT THE CRYSTAL SCALE
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Abstract. Many phenomena of interest occur at the scale of crystals or are controlled be events happening
at the crystalline scale. Examples include allotropic phase transformations in metals and pore collapse in
energetic crystals. The research community is increasingly able to make detailed experimental observations
at the crystalline scale and to inform crystal scale models using lower length scale computational tools.
In situ diffraction techniques are pushing toward finer spatial and temporal resolution. Molecular and
dislocation dynamics calculations are now able to directly inform mechanisms at the crystalline scale.
Taken together, these factors give crystal based continuum models the ability to rationalize experimental
observations, investigate competition among physical processes, and, when appropriately formulated and
calibrated, predict behaviors. We will present an overview of current efforts, with emphasis on recent work
investigating phase transformations and twinning in metals. This work was performed under the auspices
of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-ACS52-
07NA27344 (LLNL-CONF-415155).
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INTRODUCTION

Phase transformation and twinning are of active in-
terest across a variety of material systems, for ex-
ample [1, 2, 3, 4, 5]. Understanding of these de-
formation mechanisms is often sought at the crys-
tal scale and involves interaction with other mech-
anisms such as crystallographic slip by dislocation
glide. Phase transformation and twinning pose sev-
eral modeling challenges including the fact that they
involve large strains producing material with new
crystal lattice orientation. Here we will discuss one
model for simulating phase transformation and twin-
ning at the crystal scale and for making connections
to experiments focused at the same scale.

Many other perspectives and modeling approaches
have been proposed, with a small sampling of these
being [6, 7, 8,9, 10, 11, 12, 13, 14, 15]. The approach
to phase transformation and twinning used here is
somewhat unique in that it is a crystal mechanics

based approach which includes elastic and plastic ac-
commodation, is applicable to large strains including
large volume changes and to complete transforma-
tion, and is formulated to work for either quasi-static
loading or dynamic loading scenarios. As in some
other recent approaches [16, 17], we include the ef-
fects of anisotropic elasticity on the driving forces
for phase transformation and twinning.

Details of the formulation are contained in
[18, 19] and [20] discusses slip and dislocation
multiplication kinetics effects for a related model.
Mass fractions track the amounts of parent and
twinned/transformed domains in a material ele-
ment. Material within each domain is allowed to
deform according to anisotropic crystallographic
slip systems and anisotropic thermo-elastic behav-
ior associated with its specific lattice orientation.
Twinning/transformation produces mass fraction
rates among the microstructural constituents. The
response of each material point is then the collective



response of all of the constituent responses com-
bined with the available twinning/transformation
modes. Solution of the constitutive update problem
proceeds by forming a residual on satisfaction of
the overall kinematics and the kinetics for mass
fraction transfer rates. Constraints of various sorts
enforce temperature and stress equilibrium, mass
conservation, and admissible mass fractions.

The versatility of the model used here makes it
useful for connecting to a variety of experiments at
the crystal scale and for exploring the implications
of various modeling assumptions. For example, re-
searchers are actively exploring modeling assump-
tions for dislocation kinetics [20, 21, 22]. One av-
enue of exploration in the twinning/transformation
context is a phenomenological interaction energy.
This energy, typically a quadratic form in the mass
fractions, may be used to penalize the coexisting of
certain types of microstructural constituents. These
forms may be motivated by surface energy or stor-
age of elastic energy from incompatibility effects at
the subscale. As shown below, this interaction energy
can be used to promote the formation of relatively
sharp twin domains, but more physically motivated
forms, perhaps with anisotropic surface energy ef-
fects, may ultimately be required for proper resolu-
tion of domain structure.

COMPLEXITIES ASSOCIATED WITH THE
o — € TRANSFORMATION IN IRON

Results in this section use essentially the same for-
mulation and parameters as shown in [18] for the
o — € transformation in iron and here we explore
complexities associated with the multiplicity of de-
formation mechanisms. As one example, we can sim-
ulate the quasi-static deformation of an iron poly-
crystal through the phase transformation, as shown
in Figure 1. We see several interesting features: initi-
ation of transformation at stress concentrations near
grain boundaries; variant selection based on local de-
viatoric stress state; and cooperative transformation
across many grains in bands roughly perpendicular
to the loading direction.

Features of this prediction depend on model pa-
rameters, and these parameters are often difficult
to calibrate using macroscopic observables. For ex-
ample, observed pressure rise during transforma-

FIGURE 1. [Iron polycrystal quasi-statically compressed
through the o to € transformation following the Burg-
ers mechanism. Colors indicate € variant selection, with
white/grey indicating & phase.

tion [23] may be predicted by either increasing in-
teraction energy constants or increasing the resis-
tance to transformation produced by dislocations in
the material which accumulate as the transformation
progresses. Calibration choices affect predicted mi-
crostructures and change the results predicted under



other loading scenarios. Overall, work on iron and
quartz [18, 19, 5] shows that the model can repro-
duce several experimentally observed quantities, and
indicates that connecting to grain-resolved experi-
ments would be better for validating and calibrating
the model in a way which improves subsequent pre-
dictive capability.

Laser driven experiments on (100) oriented iron
single crystals provide one source of validation data
[24]. These experiments have the interesting prop-
erty that the are on a time scale short enough to sup-
press plasticity by dislocation glide, as confirmed by
both in situ observations and detailed examination
of recovered samples. This allows deviatoric stresses
to be higher, which influences variant selection. The
Bain path is used for the transformation mechanism
and, upon reverse transformation, the model allows
the material in each € variant to return to the parent
o variant or to two other ¢ variants allowed under
the mechanism and symmetry of the € phase. The
non-parent ¢ variant predictions are in very good
agreement with data from recovered samples only
if the relaxation of deviatoric stresses by dislocation
glide is effectively eliminated over the time scale of
the simulation. This provides a nice validation of the
kinematic pathways, but does not on its own particu-
larly constrain any parameters in the kinetics of slip
or transformation. In part this is because the level of
detail currently available from dynamic experiments
remains limited. Furthermore, extensive shot cam-
paigns for experiments of this sort are not undertaken
lightly.

Quasi-static studies focused on single crystals are
possible, but single crystals are hard to obtain for
many materials of interest. Even when single crystals
can be obtained, it is challenging to deform them in
the manner desired [25], and their behavior may be
different from that exhibited in bulk polycrystalline
samples.

GRAIN RESOLVED SIMULATION AND
EXPERIMENTAL OBSERVATIONS OF
TWINNING

One path forward is to use new X-ray diffraction
based techniques for obtaining detailed data at the
crystalline grain scale from bulk polycrystals. Pre-
liminary results along these lines have been pre-

sented for twinning in a magnesium alloy [26], and
newer techniques speed up collection times mak-
ing the method attractive for in sifu quasi-static
studies. For each grain, the method provides av-
erage tensorial stretch of the lattice, relative spa-
tial position, and lattice orientation. Relative inten-
sities provide information about volume fractions of
twinned/transformed domains.

While the preliminary data in [26] are not rich
enough for a direct calibration, the results raise some
interesting issues for use of the data in model calibra-
tion. It is shown that in the average over the diffrac-
tion volume, the twins and the parent grain do not
exhibit traction balance across the habit plane. This
points to substantial heterogeneities over the grain.
We therefore wish to determine whether such het-
erogeneities can be captured in a model which treats
other anisotropic elastic and plastic accommodation
effects in three dimensions.

A rough model calibration uses stress/strain re-
sponse and bulk diffraction data for evolving lattice
orientation distributions due to twinning [27], and
parameters from previous crystal level modeling ef-
forts [28].

As the interaction energy in the model is in-
creased, finite element simulations discretizing
grains of a polycrystal simulate sharp twin formation
and pop-in events wherein twins appear abruptly
accompanied by stress drops. These simulations
use an implicit-dynamic formulation to stabilize the
solution. Figure 2 shows the change in predicted
twin morphology with increasing interaction en-
ergy for an idealized 5 X 5 x 5 grain polycrystal
at relatively coarse mesh refinement. Interaction
energy promotes localized twinning and long range
interactions through the stress field promote planar
twin domains. Twin events in one grain can trigger
twinning in adjacent grains due to stress concentra-
tions. Figure 3 shows two views of a grain at higher
mesh resolution from a polycrystal simulation. A
single twin variant dominates the grain and it tends
to form planar domains, but two habit planes are
formed instead of the one which is expected from
typical experimental observations of twinning in
metals. It is worth noting that the position of the
twins is determined by the simulation and is not
specified in advance — changing the neighborhood
of the grain changes the twin locations and can even
alter variant selection.

Following the method used by Ericksen [29] we



FIGURE 2. Twin morphology for a polycrystal, at rel-
atively low (top) and high (bottom) values of interaction
energy. Mass fractions for the six twin variants are mapped
to red, green, blue, yellow, cyan, and magenta.

see that indeed the analytic solution of the habit plane
orientation has two solutions. This analysis proceeds
by considering the Hadamard jump condition which
requires the difference in deformation gradients on
either side of the interface to be a rank-one ten-
sor, or [F] = a ® . Neglecting all deformation other
than the given twinning mode, we have F. =1 and
F, =I+ ys®m. For twinning in the magnesium al-
loy of interest, ¥ ~ 0.129 and the two solutions for i
fall at 0° and 86.3° from m in the plane spanned by
s and m. The graphical solution is shown in Figure 4
with the untwinned shape in blue and the twinned
shape overlaid. These two solutions are used to draw
the slicing planes shown in Figure 3. Real materials
exhibit only the 0° solution because that is the so-
lution for a coherent twin which requires relatively

FIGURE 3. Twin morphology for a grain within a de-
formed polycrystal. Calculated habit planes are shown
(top) and isosurfaces (bottom, from a different view) show
that structure is planar through the whole of the grain.

FIGURE 4. Graphical depiction of habit plane solutions
for y=0.129.

few dislocations to accommodate the boundary. The
other solution would have substantially higher sur-
face energy, and may also be less favored due to
growth kinetics.

In future work, it may be possible to include the



effects of anisotropic surface energy through the gra-
dients in variant mass fractions. Interactions between
twins and dislocation populations are actively being
investigated [30] and energy storage associated with
dislocation structures depends in some detail on the
character of the structures formed [31].

Note that while the grain reported in the experi-
mental work [26] exhibits two twin variants, simula-
tions to date of a grain at that same orientation pro-
duce just a single variant. In the model, the driving
force for a second variant is a substantial fraction of
the force for the twin which is formed, but the sec-
ond twin does not form due to highly nonlinear ki-
netics. Differences could be due to improper model
calibration, neighborhood effects, or improper twin
morphology predictions. Further investigation using
a more detailed experimental data set might allow a
more definitive understanding.

DIRECTLY MEASURING STRENGTH OF
DEFORMATION MECHANISMS

Preliminary data from an ¢ titanium alloy, shown in
Figure 5, provides another example of how crystal
level models may connect directly to diffraction ex-
periments. In this data, the tensorial lattice stretches
are measured in a handful of grains as the load is
increased. These stretches are converted to stresses
which may then be projected onto slip systems. The
values for basal and prismatic slip in this HCP mate-
rial plateau with increasing macroscopic load while
the values for pyramidal slip continue to rise, indicat-
ing that pyramidal slip is more difficult to activate.
With faster collected times and the ability to collect
data from more grains, these types of measurements
may directly provide strength determinations for spe-
cific deformation mechanisms in materials which are
difficult to access, such as the HCP € phase in iron.

CONCLUSIONS

Prospects are good for validation and calibration of
models phrased at the crystal scale. In some cases,
it is possible for experiments to isolate particular
mechanisms. When this is not possible, novel X-
ray diffraction experiments which provide unprece-
dented levels of detail at the crystal scale (relative
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FIGURE 5. Preliminary data showing projection of
grain-specific stresses onto basal (red), prismatic (green),
and pyramidal-1 (c 4 a) (blue) slip systems for grains in an
a-titanium (HCP) alloy.

position and volume fractions as well as full tenso-
rial lattice strain) offer a path forward. With further
model development, one may be able to capture twin
morphology in a meaningful manner in real material
systems. This could allow for more direct connec-
tion to experimental results. Various techniques are
pushing to finer three dimensional diffraction based
measurement [32], though so far with measurement
times which preclude many in situ loading scenarios.

Heterogeneities associated with twinning and
phase transformations will continue to pose mod-
eling and experimental challenges for some time
to come. Substantial advances have been made
both in directly resolving heterogeneities and in
homogenization schemes which account for some
of the effects of heterogeneity [33, 34, 35]. For use
in component scale simulations, schemes which are
based on non-local evolution of probability densities
over orientation space [36, 37] hold some promise
for efficient multi-scale embedding such as the sort
proposed in [38, 39]. Experimental and modeling
work focused at the crystal scale can help to inform
such homogenized methods.
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